Introduction
Digital holographic microscopy (DHM) is an emerging high-resolution imaging technique that offers real-time imaging and quantitative measurements of physiological parameters without any staining or labeling of cells. The first DHM images of living cells were obtained 8-10 years ago [1, 2] . Analysis of human hepatocytes showed that DHM was a versatile tool for in vivo cell analysis by using quantitative amplitude and phase-contrast imaging with very high resolution [1] . Another study showed that the quantitative distribution of the optical path length created by transparent specimens contained information concerning both morphology and refractive index of the observed mouse cortical neurons [2] . This could only be measured by DHM and not by phase contrast and Nomarski's differential interference contrast (DIC) microscopy. In addition, the high sensitivity of these phase-shift measurements enables sub-wavelength axial accuracy, offering attractive possibilities for the visualization of cellular dynamics.
Since the first studies on living cells were performed, DHM has been used to study a wide range of different cell types, e.g. protozoa, bacteria and plant cells, mammalian cells such as nerve cells, stem cells, various tumor cells, bacterial-cell interactions, red blood cells and sperm cells [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The phase shift caused by cells is dependent on the amount of nonaqueus material, which affects the refractive index [19] . Thus, changes in cellular water concentration will dilute or concentrate the nonaqueus material resulting in phase shift changes. Jourdain et al., exploited this in a study of water fluxes in neurons elicited by stimulation of glutamate receptors in cultures of cortical neurons isolated from mouse embryos [17] . Glutamate receptor stimulation results in neuronal depolarization with a rapid Na + , Ca + and Cland concomitantly water inflow. Using DHM they found three types of glutamate-induced phase shifts in individual neurons. They also showed that one of these phase shifts resulted in cell death. The role of the two cotransporters NKCC1 and KCC2 was also investigated. These phase shifts were only found in older cultures of neurons but not in young neuronal cultures, which was correlated to the expression of glutamate receptors. Kemper et al., presented a set-up for DHM and algorithms for digital holographic reconstruction, which they used to investigate the shape of three human pancreatic duct adenocarcinoma cell lines [3] . By comparing scanning electron microscopy with DHM, they concluded that DHM gives fast and reliable results on live cell morphology. They also used DHM to investigate cellular dynamic changes taking place during 3 minutes after addition of an actin cytoskeleton-disrupting toxin, showing distinct changes in the cellular refractive index correlating with cell collapse.
There are several diseases where the number of immature red blood cells (reticulocytes) increases. The determination of reticulocyte numbers requires staining with different markers, thus, noninvasive methods would yield faster results. Mihailescu et al., recently developed a code for automated simultaneous individual label free cell image separation using DHM to distinguish between reticulocytes and mature erythrocytes [13] . Red blood cells are imaged as donut-like structures using DHM [5] and the obtained data can be used to calculate erythrocyte volume. Hemoglobin is the main nonaqueus material in erythrocytes which causes a phase shift. The resulting phase signal can be directly related to the mean corpuscular hemoglobin [20] . Rappaz et al., showed that DHM could in fact be used to calculate the mean corpuscular hemoglobin concentration of erythrocytes [5] . Similar results have also been presented by Jin et al. [14] .
Sperm morphology has been identified as a characteristic that can be useful in the prediction of fertilizing capacity. Recently it has been shown that DHM can be used to monitor the structure and composition of sperm heads [11] [12] and that there can be significant differences between individuals [12] . The data are interesting and should stimulate further research into the use of DHM in assessing fertility.
A new tool for the study of bacterial-cell interaction has been described very recently, such as adherence and invasion, which is an interesting application in order to advance diagnostic tools for evaluating infection scenarios [15] . Holographic optical tweezers were used to select, move and align multiple rod shaped Bacillus subtilis DB 630 on top of human pancreatic ductal adenocarcinoma cells and the interaction were subsequently monitored with offaxis DHM. The authors were able to reproduce the alignment of bacteria on the cell surface with very high accuracy, while bacterial morphology and viability remained unaffected.
Excitingly, a portable holographic pixel super-resolution lens-free on-chip microscope has been developed to be used in remote locations, for the purpose of monitoring and diagnosing pathogens in samples such as blood and water [21] . The 95 g microscope features less than 1 µm resolution over a wide field-of view of ~24 mm 2 . A digital sensor-array acquires holograms and pixel super-resolution algorithm post-processing yields high resolution images with retained wide field-of view. A digital micro-processor that enables step-wise LED illumination for lens-free transmission holograms was employed for this purpose. Reconstructed holograms of the human malaria parasite Plasmodium falciparum in smears showed that infected red blood cells can be identified using a combination of amplitude and phase images.
A key feature of DHM is the ability to study cell morphological changes associated with differentiation. In a recent study, Chalut and colleagues set out to investigate the physical changes that are associated with cellular differentiation [22] . They used a rapidly differentiating sub-line of human promyelocytic leukemic cell line HL-60, HL-60/S4, which were induced to differentiate into various mature blood cells; neutrophils, monocytes and macrophages. As shown by off-axis DHM and confocal microscopy, neutrophil and monocyte differentiation displayed a decrease in overall refractory index and a change in the distribution of cellular material towards the nucleus, hence these cells were becoming less dense during differentiation. On the contrary, macrophage differentiation showed no change in the distribution pattern of cellular material, although overall refractory index increased. Moreover, the use of a laser trap technique, optical stretching, showed that neutrophils and monocytes became more compliant (soft), while macrophages became stiffer after just one day of differentiation. The study shows that DHM together with optical stretching can be used as novel approach to monitor and distinguish cellular differentiation of myeloid precursor cells.
The common denominator of all these described studies is that DHM is used to analyze the morphology of living cells in a way that is automatic, cost efficient and causes the cells no harm. Moreover, the method will contribute with large amounts of cell data in a high throughput manner.
Cell death and DHM
The balance between cell growth and controlled cell death is very crucial for many physiological processes such as embryogenesis, differentiation, in the immune system and in diseases such as stroke, heart failure and neurodegeneration [23] . Cells can die in two ways in vertebrates, either by cell disintegration, necrosis, or by a process of programmed cell death, apoptosis, that play a central role in development and homeostasis. On the contrary, necrosis is a fast induction of cell death that induces an inflammatory response. Late necrosis is characterized by extensive DNA hydrolysis, organelle breakdown, and finally cell lysis. Morphologically, dying cells differ from viable cells in many ways. Apoptosis begins with a variety of morphological alterations: cell membrane changes such as loss of membrane asymmetry and attachment, cell shrinkage, formation of small blebs, nuclear fragmentation, chromatin condensation, chromosomal DNA fragmentation and finally the cell breaks into several apoptotic bodies [24] . One of the earliest indications of apoptosis is the translocation of the membrane phospholipid phosphatidylserine (PS) to the outside of the plasma membrane [25] .
The most commonly used assays to differentiate between viable and non-viable cells today are trypan blue and propidium iodide, both laborious and time-consuming methods. Khmaladze and colleagues used DHM to measure, with high time and volume resolution and in real-time, cell volume changes induced by apoptosis [26] . Adherent human epithelial KB cells were treated with 1 -2 µM staurosporine for 4 hours (h). By measuring the phase change of light passing through cells, an early stage morphological feature of apoptosis were observed in treated cells -a marked decrease in cell volume. These observations were consistent with previous studies using standard population-based techniques. The ability to analyze individual cells in a given cell population by using DHM was successfully demonstrated, as individual treatment-induced cell responses could be monitored. Moreover, with the high time resolution that can be obtained using DHM, one can also study initial cell responses. Accordingly, the authors did indeed note time-dependent fluctuations in cell volume, which increased in the earlier phases of treatment.
Excessive stimulation of neurotransmitters through addition of L-glutamate was used to induce cell death in primary cultures of mouse cortical neurons [16] . Cell volume regulation was monitored by DHM phase response, which allowed the researchers to estimate in a very short time-frame, if a neuronal cell would survive or die. By varying the concentration and exposure time of glutamate, the authors could identify reversible phase responses corresponding to phase recovery though an efficient ionic homeostasis. Moreover, they could also observe irreversible phase responses, indicating a constant change of intracellular ionic homeostasis, related to cell volume regulation alterations and suggested as a marker of glutamate induced cell death in neurons. By monitoring the phase shift, the authors were also able to distinguish nuclear condensation and "blebbing" induced by treatment which could indicate that cells were apoptotic rather than necrotic. Importantly, cells recognized within minutes by their DHM phase signal as unable to regulate their ionic homeostasis, were only several hours later identified as dead by trypan blue staining.
The technique
As opposed to traditional microscopy imaging, DHM is a technique that does not directly result in cell images. Instead, the technique measures the effects on light exerted by a cell. Light that has passed through the cell, and which is affected by the cell, is combined with identical light that has bypassed the cell (Figure 1 ). This results in the formation of an interference pattern, which is captured by a sensor. From this interference pattern a computer can reconstruct the object (e.g. a cell) that caused the pattern. The creation and capture of an interference pattern requires very low light intensity, thus making the system free from photo toxicity [27] .
As the objects are reconstructed in the computer, focusing does not need to be as exact as when capturing cell images directly. The interference pattern, which is the base of the image reconstruction, enables the computer to collect object data from a series of focal planes comprising a calculation span. If the object is within the calculation span, the computer will be able to reconstruct a focused object. If light passes through an object that can absorb light, the amplitude will decrease and thus the intensity decreases. If light passes through an optically dense object, the light will be delayed, and the phase of the light will shift. Using digital holography it is possible to measure the shifts in the phases of light.
As the reconstructed holographic cell images are based on the phase shifts of the light, it is easier to quantify cell characteristics. The area is obtained from the total number of pixels covering the cell being imaged. By determining the edge, the shape of the cell can be disclosed. The shift in the phase of light that occurs when the light passes though the cell can be translated into cellular thickness. The phase shift is related to optical path length and the wavelength of the light. As a consequence, the optical path length is directly correlated to the thickness and the refractory index of the cell. In short, if the phase shift is measured and the wavelength of the light as well as the refractive index of the cell is known, the thickness of the cell can be calculated. Lastly, the volume of the cell can be calculated from the area and the thickness. In other words, DHM enables its user to quantify cellular characteristics without causing photo toxicity. Moreover, as mechanical focusing does not need to be exact, DHM makes time-lapse studies more convenient.
Quantitative imaging of cell morphology 4.1. Cell division
Cells reproduce by division in a process called mitosis. All cells go through a series of welldocumented stages, which are the same for all cells except for egg and sperm cells. The duration of each stage however, differs between cell types and is also due to the environmental conditions and external and internal growth signals.
We have studied the morphology of an individual cell division over time using DHM (Holo-Monitor M3, Phase Holographic Imaging AB, PHIAB, Lund, Sweden). The pancreatic cancerous cells, PanC-1 (ATCC CRL-1469), were grown on a IBIDI-micro slide (IBIDI, Martinsried, Germany) in their normal growth medium during the entire study and the micro slide was placed on a heating plate (IBIDI) to retain 37°C. A time-lapse movie was created with one capture taken every 5 minutes for 72 h in total, and thereafter one cell was selected for a morphological study, which spanned over 24 h.
In Figure 2 , the selected cell is presented as an artificially colored image. The 12 individual sequence images represent a time span of 24 h, starting at 5 h and ending at 29 h within the total time lapse. After the division of the mother cell, the two daughter cells were followed in the study.
The first three images show how the mother cell rounds up and organizes its chromatin. The "white bar" on top of the cell at time point 12 h 45 min corresponds to the chromatin just before the separation of the two sets of genes. Twenty minutes later (at time point 13 h 05 min) there are two distinct sets of chromosomes moving away from each other. Seen at the same time point is a small elongation of the cell as it continues its path of mitosis. The next three images spanning over two hours show how the cell continues the separation of its two sets of chromosomes leading to further elongation, until the cell has become two cells. The daughter cells are still connected to each other via their outer membranes, but are clearly two individual cells. Finally the cells adopt the appearance of mature cells. The spreading out of the daughter cells is not synchronized as the daughter cell to the left in the image spreads out at 17 h 25 min and the right daughter cell at 29 h.
From the vast amount of morphological parameters stored for the cell in each image, we chose here to analyze the change in cell area, average optical thickness and cell volume of the mother cell (red) and daughter cells (black and blue, respectively) over time (Figure 3) . The cell area for the mother cell decreases markedly, whereas the thickness increases until mitosis. The two daughter cells, on the other hand, show increasing cell area and decreasing thickness. The volume for all cells is relatively uniform (Figure 3 ).
Pan et al., [28] have exemplified the technique by studying the effects of microgravity-induced bone-loss by using DHI for long-term studies on dividing living cells in culture. A DHM was connected to a superconducting magnet for observing cell division in real-time in living cells under conditions of simulated zero gravity. A large gradient high magnetic field was used to achieve magnetic levitation of murine MLO-Y4 osteocytes inside the bore of a superconducting magnet. A mixed gravity environment inside the bore was achieved which enabled environments with both hypo-as well as hyper-gravity. Quantitative phase contrast images were recorded from cells subjected to zero gravity for a total period of 10 h. Pixel intensity profiles were obtained from recorded phase images. Significant changes in cell division and cell optical thickness was observed under varying gravity conditions, which the authors believe to be caused by microgravity induced reorganization of cell structures such as cytoskeleton, cytosol and organelles.
Cell death
Cell death can be categorized as apoptosis, necrosis or as stages in between [23] [24] [29] [30] . Here we show two different types of cell death as detected with DHM (HoloMonitor M3, Phase Holographic Imaging AB, PHIAB, Lund, Sweden). DU145 prostate cancer cells and L929 mouse fibroblasts were seeded on IBIDI-micro slides (IBIDI, Martinsried, Germany). After 24 h of incubation, the cells were treated with 50 µM etoposide. The cells were followed from the beginning of treatment and images were captured every four minutes using the HoloMonitor M3. The cells were kept at 37°C with a heating plate (IBIDI).
DU145 cells contracted, became dense and rounded up after approximately 4 h of treatment (Figure 4 ). Then the cells became very uneven and approximately 5.5 h (i.e. 330 minutes) after the beginning of etoposide treatment, the cells fragmented. Interestingly, the remnants of the cell body contracted into a smaller cell-like structure that resembled an apoptotic body. The fragmentation of the cell is a classic hallmark of apoptosis [30] . The image sequence represents 24 h. The images were artificially colored. Note that the interval between the selected images varies, showing the different morphological features of the mitotic events that occur at various rates. As seen in upper part, the mother cell rounds up, the chromatin separates followed by the total division and finally, in the lower part, the two daughter cells achieve the morphology of a mature adherent cell. The L929 cells behaved very differently. Some cells in this culture started dying within hours of treatment, and others started to die several hours later ( Figure 6 ). The individual cell we followed in this study, started to contract approximately 14 h after treatment (i.e. 840 minutes). Approximately 50 minutes later, the cell content had become much less optically dense and the cell displayed a morphology that we have previously observed in dead cells (unpublished). After further incubation, the cell remnants became thinner and thinner, and eventually disappeared, as seen in the image where the surrounding cells turn into small cell remnants. The death process was similar for all cells in this sample. It has previously been shown that L929 cell death can take very different forms depending on treatment [31] .
The morphological analysis of the L929 cell death shown in Figure 6 is displayed in Figure 7 . After 14 h and 10 minutes (850 minutes) as the cell started to contract, the area decreased and the thickness increased. Thereafter the thickness and volume decreased while the area increased. The dead cell was very thin and large before it started to break down into fragments. The nucleus first condensed and then slowly disintegrated. This particular cell death did not show any of the hallmarks of apoptosis, but rather those of necrosis. We have not confirmed our results with other methods. The possibility to compare morphological data from individual cells makes it feasible to determine the proportion of dead cells in a culture by capturing an image. If the cells are followed with a timelapse, it is possible to determine the course of cell death, but also to determine the type of cell death. 
Conclusion
We present a method to study the morphology of living, dividing and dying cells using DHM. DHM is a non-invasive, non-destructive and non-phototoxic method which allows the user to perform both qualitative and quantitative measurements of living cells over time.
We show here our results on cell division and cell death in single cells. The morphological analyses performed here show changes caused by cell death and cell division, and indicate the possibilities to discriminate between different types of cell death. Cells dying in an apoptosis-like manner display different cell area and cell thickness profiles over time compared to cells dying in a necrosis-like manner, although their volume profiles are very similar. Dividing cells show a characteristic dip in the volume profile, which makes them easily distinguishable. Also, several previous studies show the versatile abilities of DHM. Different cell types have been studied and the morphology has been used to determine cell functionality as well as changes in morphology related to the environment. Cell morphology parameters can be very useful when following the effects of different treatments, the process of differentiation as well as cell growth and cell death. Cell morphology studied by DHM can be useful in toxicology, stem cell and cancer research.
Further research
Several research groups are now using DHM for cell biological studies. A future goal might be to use the morphological analysis ability of DHM as a fast, automatic, and cost efficient evaluation tool for different cancer treatments. This could make it possible to classify cells and to determine cell morphology and differentiation, cell proliferation, cellular changes of cells transfected with DNA or siRNA, cell death and effects on cell movement, all in a high throughput manner. The traditional methods to detect proteins by cell labelling are all disruptive to the cells both due to the labelling methods and to the photo toxicity caused by the detection methods such as fluorescence microscopy, flow cytometry and multi-well assays.
To increase the scope of digital holography it would be useful to develop cell labels that can be detected in a non-invasive, non-destructive way.
